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Influence of residual stress on thermal expansion behavior
X.-L. Wang,a) C. M. Hoffmann, C. H. Hsueh, G. Sarma, C. R. Hubbard,
and J. R. Keiser
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6064

~Received 17 August 1999; accepted for publication 20 September 1999!

We demonstrate that the thermal expansion behavior of a material can be substantially modified by
the presence of residual stresses. In the case of a composite tube made of two layers of dissimilar
steels,in situ neutron diffraction measurements revealed a significant difference in the coefficients
of thermal expansion along the radial and tangential directions. It is shown that the observed
difference in thermal expansion is due to the change of residual stresses with temperature. ©1999
American Institute of Physics.@S0003-6951~99!01647-2#
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Thermal expansion is a fundamental property of a ma
rial, arising from the anharmonic vibration of the crystal la
tice. For a single crystal under no external influence, its
efficient of thermal expansion~CTE! is compliant with the
crystal symmetry.1 For instance, the CTE of a cubic crystal
isotropic along different crystallographic directions. Wh
the thermal expansion behaviors of simple materials are r
tively well understood, there have been continuing studie
the thermal expansion behaviors of complex materials s
tems, such as ceramic–ceramic and ceramic–m
composites.2–4 Depending on the microstructure, the over
thermal expansion of a composite material may differ fro
that given by constitutive models.2

In practical applications, thermal expansion is an imp
tant consideration, not only from the thermophysical pro
erty point of view but also from the standpoint of the m
chanical behavior of the material. This is because in
fabricated component, differences in thermal expansion
tween constituent materials lead to thermal residual stres
which affect the integrity and lifetime of the component.

The design of replacement materials for composite t
ing used in Kraft black liquor recovery boilers5,6 is a case in
point. A composite tube is made of a carbon steel core an
corrosion-resistant clad layer. Because of the thermal exp
sion mismatch between the carbon steel and clad layers,
mal residual stresses are generated as the boiler goes th
operating cycles. Experimental and finite-element stud
have shown that the signs and magnitudes of these res
stresses are dictated by the difference in CTE~between the
two layers of dissimilar materials! and the yield strength o
the clad layer.6 If the clad layer is in tension, as is the ca
for composite tubing currently in use, the boiler is vulnera
to stress-corrosion cracking, which could lead to grave e
nomical consequences and causes safety concerns as w

Accurate modeling of thermal residual stresses depe
on detailed knowledge of the thermal expansion behavior
the constituent materials. We show here that under the in
ence of residual stresses, the thermal expansion behavio
material may be substantially different from that in the u
constrained condition. As will be shown below, for samp
containing type-I or macroresidual stresses, the effective
efficient of thermal expansion as measured in a diffract
experiment may bemacroscopicallyanisotropic.

a!Electronic mail: wangxl@ornl.gov
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The specimen is a 2.5-in.-o.d. composite tube. The c
part of the tubing is SA 210 carbon steel, with the compo
tion 0.18C–0.28Si–0.65Mn–0.006P–0.15S wt %.7 The clad
layer is Sanicro 28, a nickel-based austenitic alloy steel, w
the composition 0.10C–26.7Cr–30.4Ni–3.33Mo–36.2F
0.01Nb–1.06Cu wt %.8 A cross-sectional view of the spec
men is shown in Fig. 1. The geometric dimensions area
524.8 mm, b530.0 mm, c531.8 mm, and l 5300 mm.
Table I lists the coefficients of thermal expansion and ela
properties7,8 for each material comprising the tube specime

The neutron diffraction experiment was conducted at
High Flux Isotope Reactor of Oak Ridge National Labor
tory, using the HB-2 spectrometer modified for residu
stress mapping.9 The specimen was mounted upright a
slits of 1330 mm2 and 1350 mm2 were inserted before an
after the specimen, which together defined a sampling v
ume of approximately 30 mm.3 A heating tape wrapped
around the tube specimen provided controlled heating u
250 °C. Temperatures within the tube were monitored w
eight thermocouples, four on the inside and four on the o
side surfaces, respectively. A rather uniform temperat
field was achieved with the present experimental setup;
maximum difference in temperatures recorded by the th
mocouples was less than 2 °C. Detailed strain measurem
were made in the middle of the carbon steel, using the bc~2
1 1! peak. At each location, diffraction peaks were record
for two specimen orientations, with the scattering vector p

FIG. 1. Schematic of a cross-sectional view of the tube specimen use
neutron diffraction measurements.
4 © 1999 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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allel to the radial and tangential directions, respectively. T
fitted peak position was then used to calculate the effec
thermal expansion for each orientation, using the follow
equation:

e5
d~T!2d~T0!

d~T0!
5

sinu~T0!

sinu~T!
21, ~1!

whered is the lattice spacing corresponding to the measu
peak, 2u is the diffraction angle, andT0 is room temperature
~;30 °C!.

Figure 2 shows the experimentally determined therm
expansion for two specimen orientations, with the scatter
vector parallel to radial and tangential directions, resp
tively. As can be seen, the effective thermal expansion va
linearly with temperature. No hysteresis was observed
cycling between room temperature and 250 °C, indicat
that the thermally induced deformation is fully elastic with
the temperature range of study~see Ref. 6 and also below!.
At a given temperature, the effective thermal expansion
the tangential directioneu is always greater than that in th
radial directione r . This shows that the effective therm
expansion, as determined in the present neutron diffrac
experiment, is macroscopically anisotropic. The effect
CTE were determined by fitting the data to straight lines, a
the results are au* 513.731026 C21 and a r* 512.8
31026 C21. These values can be compared with the p
lished CTE for carbon steel, which is 13.331026 C21.7

The difference inau* anda r* can be qualitatively under
stood by considering that the measured lattice spacing
tains a temperature-dependent elastic component, i.e.,

d~T!5d0~T!„11e~T!…, ~2!

FIG. 2. Effective thermal expansion in carbon steel as a function of t
perature. The solid lines are linear fits to the experimental data.

TABLE I. Coefficients of thermal expansion~a!, Young’s modulus~E!, and
Poisson’s ratio~n! for the carbon steel corea and Sanicro 28 clad layer.b

a~30–250 °C!
(1026 °C21)

E~30 °C!
~GPa! n~30 °C!

Carbon steel core 13.3 207 0.29
Sanicro 28 clad layer 16.0 195 0.29

aReference 7.
bReference 8.
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whered0 denotes the lattice spacing under the unconstrai
~stress-free! condition ande(T) the residual strain at a give
temperature. To facilitate the discussions, we rewritee(T) as

e~T!5e01e8~T!, ~3!

where e0 is the residual strain at room temperature, a
e8(T) is the thermally induced elastic strain such thate8
50, whenT5T0 . By differentiating Eq.~2!, the effective
CTE is obtained,

a* 5
1

d

]d~T!

]T
5a1

]e8

]T
, ~4!

where a5(1/d0)]d0(T)/]T is the CTE under the uncon
strained condition. Equation~4! shows that the effective CTE
as measured in a diffraction experiment is modified by
thermal stress induced during heating. Moreover, the ef
tive CTE is macroscopicallyanisotropic~i.e., dependent on
specimen directions!, unless the thermally induced residu
stress is hydrostatic. For the composite tubing used in
study,eu8(T) in the carbon steel layer is tensile upon heatin
due to the larger CTE of the clad layer, and increases w
temperature. As a consequence,au* .a. Because of the
small wall thickness, the radial stress is small throughout
tube10 and, therefore, the elastic strain in the radial direct
is mostly due to the Poisson’s effect. This leads to the
serveda r* ,a.

To further understand the difference betweenau* and
a r* , we have carried out an analytical calculation of t
thermal residual stresses in composite tubes due to the
expansion mismatch. The analytical model is illustrated
Fig. 1, in which a cylindrical shell of phase 1 with an inn
radiusa and an outer radiusb is surrounded by a concentri
cylindrical shell of phase 2 with an outer radiusc. Stresses
are analyzed for locations away from the ends of the cy
drical shells and the free-end effects are not considered.
stresses can be determined by the procedure of first allow
the two phases to exhibit unconstrained thermal strains
ing the temperature changeDT. Then, the radial tractionsb

is placed at the interfacesr 5b, and axial tractionss1,z and
s2,z are placed on phases 1 and 2, respectively, to restore
displacement continuity between the two phases. The a
tractions are subjected to the requirement that the resu
axial force be zero since no external force is applied on
system. Details of the analysis are reported elsewhere,11 but
the solution for stresses in phase 1 is given below:

s1,r5
b2~r 22a2!

r 2~b22a2!
sb , ~5a!

s1,u5
b2~r 21a2!

r 2~b22a2!
sb , ~5b!

s1,z5
P12P3

P42P2
sb , ~5c!

wheresb is given by

sb5
~P42P2!E1~a22a1!DT

P1P42P2P3
. ~6!

In Eq. ~6!, DT5T2T0 , andE anda are the Young’s modu-
lus and unconstrained CTE. The subscripts inE anda denote
-

IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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phases 1 and 2, respectively.P1 , P2 , P3 , andP4 , are con-
stants related toa, b, c, andE, n, a of both phases, wheren
is the Poisson’s ratio of the material. Following Hooke’s la
the elastic strains in phase 1 were obtained,

e1,j8 5
~11n1!s1,j2n1~s1,r1s1,u1s1,z!

E1
, ~7!

where j 5r , u, andz.
From Eqs.~5!–~7!, it can be seen that the thermally in

duced elastic strains are proportional tosb , which varies
linearly with T. This explains why the effective thermal ex
pansion shown in Fig. 2 remains linear with temperatu
Substituting Eq.~7! into Eq. ~4! and using the parameters
Table I, the contribution by thermal stress towards the eff
tive CTE was determined. For middepth in the carbon st
where the neutron diffraction measurements were ma
these contributions are 20.531026 C21, 0.6
31026 C21, and 0.731026 C21, respectively, along
radial, tangential, and axial directions. Adding to the pu
lished value fora1 ~see Table I!, we obtain the effective
CTE in the carbon steel:a1,r8 512.831026 C21, a1,u8
513.931026 C21, and a1,z8 514.031026 C21. The
calculated values ofa1,r* anda1,u* are in excellent agreemen
with the experimental data. With a similar analysis, it can
shown that the effective CTE in the clad layer is also ani
tropic, but with an inverse anisotropy in the sense thata2,z*
.a2,u* ,a2,r* . This prediction was confirmed by subseque
neutron diffraction measurements in the clad layer of a si
larly prepared composite tube.11

The example discussed in this letter illustrates the in
ence of residual stress on the thermal expansion behavio
a material. This phenomenon is ubiquitous in all materi
whose residual stresses vary with temperature. It is gene
accepted that residual stresses can be classified into
categories, depending on their length scale relative to
microstructure. Macro-, or type-I, stresses are uniform acr
several grains. Micro-, or type-II, stresses are uniform wit
a grain, but vary from grain to grain. Type-III stresses a
referred to those that fluctuate within a grain. The example
composite tubing is specific to macrostresses, whose s
and magnitudes usually vary with specimen directions. Th
in general, the effective CTE in specimens containing m
roresidual stresses is expected to be macroscopically a
tropic. Note that this anisotropy is characteristically differe
from the intrinsic anisotropy along various crystallograph
directions. The latter is a fundamental property of a mate
and is governed by the symmetry of the crystal lattice. T
macroscopic anisotropy discussed here is due to externa
fluence and, therefore, has no crystal symmetry requirem

Microresidual stresses also affect the thermal expan
behavior. The effect of microresidual stresses is perh
more readily realized in a two-phase composite mater
where microresidual stresses are generated due to the the
expansion mismatch between the two phases. Analysis o
residual stress and thermal expansion data obtained
Al2O3–ZrO2 ceramic composites12 indicates that the effec
tive CTE in each phase is modified towards a reduced m
match in CTE between the two phases. In addition, beca
residual stresses in a composite material depend in par
the microstructure, the overall thermal expansion of the co
Downloaded 19 Jul 2002 to 160.91.224.150. Redistribution subject to A
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posite may also differ from that given by constitutive mo
els, as illustrated by Hsueh, Becher, and Sun.2

The interaction of residual stress and thermal expans
in a material has significant implications in practical app
cations. From a materials design point of view, the reliabil
of finite-element models that simulate the therma
mechanical behavior of a material depends on the accu
of the CTE used in the models. As noted earlier, the exp
mentally determined CTE may be substantially differe
from that in the unconstrained condition. A small deviati
in the CTE of one phase could lead to a large error in
calculation of the CTE mismatch, which usually determin
the thermal stress in the materials system. The comple
resulting from interaction between residual stress and th
mal expansion also brings about, potentially, a new met
in residual stress determination. As can be seen from Eqs~3!
and ~7!, by comparing the experimentally determined CT
for various specimen orientations with that in the unco
strained condition, it should be possible to derive inform
tion about the residual stresses in the material. This met
can become particularly useful when a stress-free speci
required in conventional neutron diffraction measureme
cannot be made. Of course, to apply this method, the unc
strained CTE must be known in advance.

In summary, the influence of residual stress on therm
expansion behavior was demonstrated with a composite
made of two layers of dissimilar steels. The presence o
temperature-dependent residual stress causes the effe
coefficients of thermal expansion to be significantly differe
along different specimen directions. Particular care must
taken when interpreting the experimental results from th
mal expansion measurements.
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